Abstract Diatoms are unicellular algae responsible for approximately 20 % of global carbon fixation. Their evolution by secondary endocytobiosis resulted in a complex cellular structure and metabolism compared to algae with primary plastids. In the last years the interest on unicellular algae increased. On the one hand assessments suggest that diatom-mediated export production can influence climate change through uptake and sequestration of atmospheric CO 2 . On the other hand diatoms are in focus because they are discussed as potential producer of biofuels. To follow the one or other idea it is necessary to investigate the diatoms biochemistry in order to understand the cellular regulatory mechanisms. The sulfur assimilation and methionine synthesis pathways provide S-containing amino acids for the synthesis of proteins and a range of metabolites such as dimethylsulfoniopropionate (DMSP) in order to provide basic metabolic precursors needed for the diatoms metabolism. To obtain an insight into the localization and organization of the sulfur metabolism pathways, the genome of Thalassiosira pseudonana-a model organism for diatom research-might help to understand the fundamental questions on adaptive responses of diatoms to dynamic environmental conditions such as nutrient availability in a broader context.
Introduction
Diatoms are abundant unicellular algae in aquatic habitats. They produce massive amounts of biomass and are thought to contribute to about 20 % of global carbon fixation Field et al. 1998) . Phytoplankton affects the climate on the global scale, not only by sequestration of CO 2 but also by production of S-containing volatile compounds. According to the hypothesis proposed in 1987 by Charlson, Lovelock, Andreae and Warren (the CLAW hypothesis) phytoplankton is able to regulate the Earth's climate through the generation of clouds by producing the precursor of dimethylsulfide (DMS). This volatile compound is oxidized in the atmosphere to give non-sea salt sulfate, which acts as cloud condensation nuclei, which in turn modifies both the degree of cloudiness and the albedo of clouds. Increased cloudiness and albedo would reduce the extent to which the surface of the planet is warmed by the sun (Charlson et al. 1987) . It is not clear whether the system acts as a negative feedback loop, in which higher temperature and higher availability of carbon for phytoplankton and consecutive DMS release may modulate the greenhouse effect of increased anthropogenic CO 2 input to the atmosphere. Dimethylsulfide is created from dimethylsulfoniopropionate (DMSP), which synthesis depends on S-containing compounds.
Sea water contains approximately 28 mM sulfate, providing an unlimited availability of that compound to generate reduced sulfur. Sulfur is found in all organisms as a constituent of the proteogenic amino acids cysteine and methionine and in many coenzymes and other metabolites. In most of these compounds sulfur is present in a reduced form of organic thiols or sulfides. The major form of sulfur in nature, however, is inorganic sulfate. Sulfate is taken up into cells, reduced, and incorporated into cysteine or homocysteine via the sulfate assimilation pathway to form the first organic S-containing metabolite (Hesse and Hoefgen 2008) .
There are differences in organization of sulfur assimilation between sulfur-assimilating organisms. The constituent steps, the enzymes catalysing reduction and the sulfur transfer are not the same among all organisms. The process of sulfur assimilation starts with sulfate uptake by the sulfate transporter being either member of a group of facilitating transporters (Kertesz 2001) or by active transport by high and low affinity sulfate transporter (Buchner et al. 2004; Marzluf 1997) . Since sulfate is an inert molecule, for reduction it has to be activated via adenylation to adenosine 5 0 phosphosulfate (APS) catalysed by ATP sulfurylase (ATPS). In some organisms, such as fungi and many bacteria, a second activation step is required-the phosphorylation of APS with use of APS kinase to form 3 0 phosphoadenosine 5 0 phosphosulfate (PAPS) (Kopriva and Koprivova 2004) . The reduction of activated sulfate consists of two steps. First, APS or PAPS is reduced to sulfite by APS or PAPS reductases, respectively. In the successive step, sulfite is reduced to sulfide by a sulfite reductase (SiR). In plants and bacteria, O-acetylserine-(thiol)lyase (OASTL) transfers sulfide to the amino acid skeleton of O-acetylserine (OAS) to form cysteine. In fungi and bacteria, O-acetylhomoserine and O-succinylhomoserine, respectively, can be directly sulfhydrylated to form homocysteine, the precursor of methionine (Rowbury and Woods 1964; Foglino et al. 1995; Park et al. 1998; Kerr and Flavin 1970) .
The compartmentation of sulfate assimilation is an intriguing aspect in understanding S-assimilation and methionine synthesis. While sulfate activation takes place in the cytosol and in plastids, OAS and cysteine are synthesized in all three compartments: cytosol, plastid, and mitochondria (Hesse et al. 2004; Krueger et al. 2009 ). In photosynthetic eukaryotes, sulfate reduction is confined to plastids (Brunold and Schiff 1976; Hesse et al. 2004) .
Research on diatoms advanced significantly with publication of the whole genome sequences of Thalassiosira pseudonana (Armbrust et al. 2004 ) and Phaeodactylum tricornutum (Bowler et al. 2008) . Diatoms are amazing organisms derived from a nonphotosynthetic eukaryote that domesticated a photoautotrophic eukaryotic cell phylogenetically close to a red alga . This resulted in an extensive gene transfer event and genomic reorganization. Secondary endocytobiosis also increased the complexity of diatom cell structure, with implications on physiology and biochemistry. An important aspect of diatom cell morphology is that plastids are surrounded by four rather than two membranes with the consequence that all nuclear-encoded plastid proteins have to cross four membranes (Gibbs 1979 ). The same is true for the exchange of metabolites between plastids and the cytoplasm. Still, little is known about sulfur uptake, assimilation, metabolism and compartmentation in diatoms. Here, we summarize our current understanding of the regulatory network to understand the diatoms sulfur metabolism.
Prediction of intracellular localization
Diatoms differ from land plants or green algae in their cellular organization. Due to the evolutionary history of diatoms, the cells of these organisms contain plastids surrounded by additional two layers of plasma membrane. The outermost membrane is continuous with the endoplasmic reticulum (Gibbs 1979) . On the basis of the obtained amino acid sequences, the subcellular localization of proteins involved in sulfur assimilation and methionine synthesis was predicted. Location assignment is based mostly on the predicted presence of N-terminal mitochondrial targeting peptide (mTP) or secretory pathway signal peptide (SP). However, in T. pseudonana the used signal peptides are not known. Thus, further N-terminal sequences longer than 15 amino acids in front of conserved catalytic domains have to be included that might form specific diatomal targeting peptides, which are not recognized by the used software (Table 1) . Most of the analyzed sequences did not show pre-sequence on which basis the proteins could be sorted into the respective compartment. Only the enzyme gammaglutamylcysteine synthetase contains a peptide that might direct into mitochondria (Table 1) . It is known that in plants the synthesis of the glutathione precursor c-glutamylcysteine takes place in plastids (Wachter et al. 2005) . The incomplete (lack of starting M) sequence of c-glutamylcysteine synthetase (GSH1) shows high similarity to fungal and mammalian sequences, suggesting that, despite its TargetP prediction of mitochondrial localization, the enzyme might be localized to the cytosol. In the protein model the conserved catalytic domain starts from 231 amino acid of the analyzed sequence. This is in good agreement with known GSH1 proteins showing c-glutamylcysteine synthetase activity. Therefore, the obtained prediction results concerning mitochondrial localization of those proteins are rather weak and do not agree with common knowledge. Two out of three permeases contain a sequence that, according to the TargetP software, traffics them to the secretory pathway. The other membrane transport protein (ST 1) showed no such sequence. A set of six proteins such as sulfurylase-kinase-pyrophosphatase, APS reductase 3, sulfite reductase (SiR), and OAS (thiol)lyase 4 are predicted to be secreted according to their pre-sequence motifs. In diatoms the outermost membrane of plastids is continuous with the endoplasmic reticulum, through which the secreted proteins are transported. The Fig. 1 Evolutionary relationship of sulfate transporter/permease of proteins from T. pseudonana and E. coli, Bacillus sp., Synechococcus sp., Nostoc sp., Phaeodactylum tricornutum, Emiliania huxleyi, Aureococcus anophagefferens, Ostreococcus sp., Chlamydomonas reinhardtii, Phytophthora sp., Selaginella moellendorffii, Physcomitrella patens, A. thaliana, O. sativa, Porphyra purpurea, Cyanidioschyzon merolae, Monosiga brevicollis, Dictyostelium discoideum, and Trypanosoma cruzi. Amino acid sequences of annotated sulfur metabolism gene models of T. pseudonana were identified by protein-protein BLAST (Altschul et al. 1997 ) in order to identify the orthologous genes from other organisms. The obtained results from blastp were by use of NCBI Conserved Domain Search (http://www.ncbi.nlm.nih.gov/Structure/ cdd/wrpsb.cgi) (Marchler-Bauer et al. 2005 ) for presence of conserved domains. Additionally, InParanoid7 (http://inparanoid.sbc.su.se/) was used to verify orthology of eukaryotic sequences (Ostlund et al. 2010) . The protein sequences of C. merolae were obtained from http://merolae. biol.s.u-tokyo.ac.jp. Sequences of T. pseudonana, P. tricornutum, S.
moellendorffii, E. huxleyi, P. sojae, A. anophagefferens, M. brevicollis proteins were acquired from http://genome.jgi-psf.org. The protein sequences from D. discoideum were obtained from http://dictybase.org. Sequences of proteins from T. cruzi were obtained from http://www. genedb.org. Sequences from other organisms were retrieved from http://blast.ncbi.nlm.nih.gov/Blast.cgi. The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program (http://www.phylogeny.fr. Sequences were aligned by MUSCLE 3.7 (Edgar 2004 ) and curation was done by Gblocks 0.92 (Castresana 2000) . The phylogenetic trees were reconstructed using the maximum likelihood method implemented in the PhyML program (v3.0 aLRT) (Anisimova and Gascuel 2006; Guindon and Gascuel 2003) . T. pseudonana proteins are marked with asterisks. Reliability for internal branch was assessed using the aLRT test as bootstrapping procedure. Number next to species name represents entry code of given protein in a databank. FigTree 1.3.1 software (http://tree.bio.ed.ac.uk/ software/figtree/) was used to generate graphics Sulfur assimilation in Thalassiosira pseudonana 1255 N-terminal bipartite pre-sequences consist of a signal and a transit peptide-like domain directs the nuclear-encoded protein into plastids. Moreover, presence of a conserved amino acid motif at the signal peptide's predicted cleavage site (ASAFAP) was demonstrated as a trait of the proteins localized to diatomal plastids (Gruber et al. 2007; Kilian and Kroth 2005) . Although none of the protein sequences contain the exact conserved ASAFAP-motif, SiR e.g. contains phenylalanine in the forth position of the motif. It has been shown that phenylalanine in this position is crucial for successful transfer to the plastid. In some cases phenylalanine (F in the motif sequence) can be exchanged by other bulky amino acid-tryptophan, tyrosine or leucine (Gruber et al. 2007) . Despite the lack of the typical motif in the signal peptides, the other three sequences (sulfurylasekinase-pyrophosphatase, APS reductase 3 and OAS (thiol)lyase 4) might be as well localised in plastids. No motifs responsible for retention in the endoplasmic reticulum (KDEL, DEEL or DDEL) were found in C-terminal parts of analyzed proteins.
Phylogenetic analysis of sulfate transporters/permeases
In diatoms, sulfate from the environment passes the plasma membrane through channels made by sulfate transporters or permeases, which probably control the influx of the anion into the cells. In the T. pseudonana genome five sequences were found, which by their similarity could be annotated as sulfate transporters or permeases. Four of Columns ''mTP'', ''SP'', ''other'' contains final NN scores on which the prediction is based. ''Loc'', is the predicted localization: ''S'', secreted; ''M'', mitochondrial; ''_'', any other localization. ''RC'' stands for reliability class. ''TPlen'' is the predicted presequence length and the respective cleavage site motif is presented in next column. ''CD Start'' column contains lengths of N-terminal sequences preceding conserved catalytical domains of respective proteins. ''ND'' stands for ''not detected''
Identification of N-terminal extensions from the conserved regions of the target peptides was performed with use of NCBI Conserved Domain Search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al. 2005) . Prediction of subcellular localization was performed with TargetP 1.1 online software (http://www.cbs.dtu.dk/services/TargetP/) as described in Emanuelsson et al. (2007) . The scores are not probabilities but the most likely according to TargetP. Each prediction has its reliability class (RC) expressed in number from 1 to 5, where 1 indicates the strongest prediction. Presence of ER retention motifs in analyzed sequences (KDEL, DEEL or DDEL) was verified manually those sequences fall into three distinct clusters ( Fig. 1; clusters A, B and C) and the fifth sulfate transporter is basal to the clade A (Fig. 1) . Sulfate transporter 1 (Fig. 1, cluster B ; ST 1) shows highest similarity to proteins from diatom Phaeodactylum tricornutum and Aureococcus anophagefferens. This clade, although not strongly supported (aLRT = 0.47), is found clustering together with plant and green algae sequences (Fig. 1, cluster B) . Two sequences from that cluster represent two known molybdenum ion transporters-MOT 1 (known as sulfate transporter 5;2) from A. thaliana (Tomatsu et al. 2007 ) and the Chlamydomonas reinhardtii molybdate transporter, MOT (Tejada-Jimenez et al. 2007 ). Both transporters, Arabidopsis MOT 1 and T. pseudonana ST1 do not have STAS domains. Molybdenum is an essential component of nitrate assimilatory reduction. The molybdate anion is nearly identical to the sulfate anion in terms of charge distribution, effective size (230 vs. 240 pm), structure and stereochemistry (Cole et al. 1986) . It has been shown that molybdate is transported into cells of T. pseudonana and sulfate acts as a competitive inhibitor of the uptake (Cole et al. 1986 ). The sequence homology makes it likely that ST 1 might function in T. pseudonana as molybdate transporter.
Sulfate transporters 3 and 4 (Fig. 1, cluster C) are very similar to each other and are found in one cluster together with another diatomal protein, a protein from Phytophthora sojae, and, more distantly, with fungal transporters. In contrast to ST 1 and ST2, sulfate transporters 3, 4 and 5 posses the STAS domain (sulfate transporter/anti-sigma factor antagonist). Mutational analyses of the STAS domain in Arabidopsis support hypothesis that this domain is involved in protein-protein interactions that might control sulfate transport (Rouached et al. 2005) . Apart from having a STAS domain, the C-terminal fragments of ST 3 Fig. 2 Phylogenetic tree of ATP sulfurylase proteins. The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program. T. pseudonana proteins are marked with asterisks. Reliability for internal branch was assessed using the aLRT test and is presented on the graph. Number next to species name represents entry code of given protein in a databank Sulfur assimilation in Thalassiosira pseudonana 1257
and ST 4 are structurally homologous with that of the catabolite gene-activator protein (CAP), a soluble Escherichia coli transcription factor. A similar domain is found also in cAMP-activated protein kinases and in eukaryotic cyclic nucleotide-gated ion channels, membrane proteins activated by cytoplasmic cGMP or cAMP (Li and Lester 1999) . This domain might function as regulatory element of the sulfate transporter by connecting cellular cyclic nucleotide levels with sulfur metabolism. The sulfate transporter/permease 5 is found in cluster A (Fig. 1, cluster A) . It shows close relationship with a sequence found in genomes of marine unicellular organisms: Aureococcus anophagefferens. Cyanidioschyzon merolae, Ostreococcus sp. and Monosiga brevicollis. Additionally, cluster A contains a sequence from another heterokont, P. sojae. The sulfate transporter 2 (Fig. 1) is found separated from the other sequences and does not show close relationship with analyzed proteins.
Phylogenetic analysis of enzymes of the sulfate reduction pathway: ATP sulfurylase, APS reductase, and sulfite reductase
The sulfate reduction pathway is initiated by coupling sulfate with ATP to form adenosine-5 0 -phosphosulfate (APS). This reaction is catalysed by the enzyme ATP sulfurylase (ATPS). Plant ATPS forms a homotetramer of 52-54 kDa (Murillo and Leustek 1995) while bacterial ATPS consists of four heterodimers composed from 35 to 53 kDa CysN subunits (Leyh et al. 1988 ). The reaction generates inorganic pyrophosphate that has to be removed by a respective phosphatase to promote the forward reaction. In fungi, ATPS and APS kinase are fused into a single 59-64 kDa subunit that assemble into a homohexamer (MacRae et al. 2001) . But also other combinations of ATPS fusion proteins could be identified such as the fusion with APS reductase in Heterocapsa triquetra or with an Fig. 3 Phylogenetic tree of APS reductase proteins. The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program. T. pseudonana proteins are marked with asterisks. Reliability for internal branch was assessed using the aLRT test and is presented on the graph. Number next to species name represents entry code of given protein in a databank inorganic pyrophosphatase e.g. in Emiliania huxleyi Bradley et al. 2009 ). The genome of T. pseudonana contains two sequences that could be annotated as ATP sulfurylase. One ORF encodes for the single enzyme (ATPS 2; Thaps3:1326) and the second isoform encodes a composite enzyme consisting of ATPS fused to APS kinase and pyrophosphatase (named sulfurylase-kinase-pyrophosphatase, SKP; Thaps3:269714). The sequence of the ATPS 2 enzyme clusters together with ATP sulfurylase sequences from Emiliania huxleyi, A. anophagefferens, and C. reinhardtii. These sequences contribute to the formation of a well-separated cluster consisting of eukaryotic algal and cyanobacterial enzyme sequences (Fig. 2, cluster A) . The ATPS2 isoform contains no N-terminal sequences and thus being predicted to be located to the cytosol (Table 1) .
The composite enzyme SKP from T. pseudonana clusters together with homologous genes from P. tricornutum and A. anophagefferens. (Fig. 2, cluster B) . Like T. pseudonana, genomes of both organisms contain the enzyme composed of three catalytic domains: ATP sulfurylase, APS kinase and inorganic pyrophosphatase. The pre-sequence analysis suggests the presence of a targeting sequence in the T. pseudonana SKP protein, which would direct the protein into plastids; hence, sulfate in plastids could be used to synthesize 3 0 -phospho-adenosine-5 0 -phosphosulfate (PAPS). The genome of T. pseudonana encodes an additional APS kinase that is not bound with any other enzyme (Table 1) . PAPS, synthesized by APS kinases, is also a donor of sulfate groups for the synthesis of important sulfated compounds for algae such as sulfolipids (Harwood 2004 ) and sulfated carbohydrates (Hoagland et al. 1993) .
Adenosine-5 0 -phosphosulfate or PAPS are reduced to sulfite by APS or PAPS reductase, respectively. APR exists as a homodimer in prokaryotes but it is fused to thioredoxin in plants and green algae (Kopriva et al. 2002; Carroll et al. 2005a) . Most APR enzymes contain a FeS cluster; however, a variant of the enzyme from early branching streptophyte lineages (such as Physcomitrella and Selaginella) has been shown to catalyse APS reduction without the FeS chemistry (Weber et al. 2000; Kopriva and Koprivova 2004; Kopriva et al. 2001 Kopriva et al. , 2007 Carroll et al. 2005b) . PAPS reductase is similar to bacterial APR but does not bind the FeS cluster (Kopriva et al. 2002; Kopriva and Koprivova 2004) . Sequences similar to PAPS reductases (or novel moss-like form of APR) are found in genomes of marine algae like T. pseudonana-both enzymes lack a conserved pair of cysteines in thioredoxin-like domains at their C-termini. In vitro experiments have shown that this Fig. 4 Phylogenetic tree of sulfite reductase proteins. The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program. The T. pseudonana protein is marked with an asterisk. Reliability for internal branch was assessed using the aLRT test and is presented on the graph. Number next to species name represents entry code of given protein in a databank Sulfur assimilation in Thalassiosira pseudonana 1259 organism is able to reduce APS with 100-fold higher activity than respective isoforms in plants (Gao et al. 2000; Kopriva et al. 2008 ). In our investigation, the phylogenetic tree was reconstructed using both APS and PAPS reductase sequences from other organisms. In the genome of T. pseudonana two sequences encoding putative adenosyl-5 0 -phosphosulfate reductase (APR) could be identified, while in the marine chlorophyte Enteromorpha intestinalis (Gao et al. 2000) and C. reinhardtii (Ravina et al. 2002) only one APR coding sequence was found. The APR 1 enzyme of T. pseudonana clusters together with the sequence from E. huxleyi and A. anophagefferens (Fig. 3, cluster A) . These three sequences form a branch in the cluster which contains also sequences of APR from the moss Physcomitrella patens and the lycophyte Selaginella moellendorffii. The APR enzyme from P. patens was shown to be a representative of a novel class of APS reductases-APR-B. This enzyme shows similarity to PAPS reductase (characterized by the lack of C-terminal thioredoxin domain) but is able to reduce both APS and PAPS (Kopriva et al. 2007) .
The other T. pseudonana APR isoform (APR2) is probably localized to plastids (Table 1) and is found at the basis of a clade, which contains sequences from many distinct organisms (Fig. 3) .
Sulfite produced by T. pseudonana putative APR reductases is further reduced by the enzyme sulfite reductase (SiR). Plant SiR functions as monomer containing a siroheme and a FeS cluster and utilizes ferredoxin as source of electrons for the reduction (Krueger and Siegel 1982; Nakayama et al. 2000) . In contrast, the bacterial NADPH-dependent SiR is an oligomer of eight flavoprotein subunits (CysJ), four 64 kDa siroheme and [4Fe-4S] cluster binding hemoproteins (CysI) (Crane et al. 1995) . SiRs in fungi are composed from two different subunits requiring siroheme, FAD and FMN as co-factors (Kobayashi and Yoshimoto 1982) . In the genome of T. pseudonana only one sequence of SiR was identified. The predicted T. pseudonana sulfite reductase protein clusters together with the P. tricornutum and A. anophagefferens SiR protein sequences forming a heterokont subcluster within cluster C (Fig. 4) . Both diatomal enzymes cluster close to rhodophytes sequences. This is in agreement with the origin of plastids in diatoms, which were acquired through secondary endosymbiosis with an ancient eukaryotic red alga . SiR sequences from eukaryotic photosynthesizing organisms (Fig. 4 , cluster A) and cyanobacteria form two clusters, which are well separated from the cluster of heterotrophic sulfateassimilating organisms (Fig. 4) . The sequence of SiR from Thalassiosira pseudonana contains a leader sequence that directs the protein to plastids of the diatom (Table 1) . Fig. 5 Phylogenetic tree of serine acetyltransferase proteins. The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program. T. pseudonana proteins are marked with asterisks. Reliability for internal branch was assessed using the aLRT test and is presented on the graph. Number next to species name represents entry code of given protein in a databank Phylogenetic analysis of the cysteine synthase complex: serine acetyltransferase and O-acetylserine(thiol)lyase
To form cysteine, sulfide is incorporated into O-acetylserine (OAS) in a reaction catalysed by the enzyme O-acetylserine(thiol)lyase (OASTL). The enzyme is regulated by serine acetyltransferase, an enzyme that synthesizes OAS by acetylation of serine. Both enzymes, serine acetyltransferase and O-acetylserine(thiol)lyase (OASTL), are necessary to build a functional cysteine synthase complex and their interaction enables an allosteric regulation of the cysteine formation (reviewed by Hell and Wirtz 2008) . The cysteine synthase complex is composed of a SAT-hexamer and two OASTL dimers (Feldman-Salit et al. 2009 ). According to the model of function, under sufficient sulfide supply cysteine synthase complex is fully Fig. 6 Phylogenetic tree of OAS-(thiol)lyase proteins. The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program. T. pseudonana proteins are marked with asterisks. Reliability for internal branch was assessed using the aLRT test and is presented on the graph. Number next to species name represents entry code of given protein in a databank Sulfur assimilation in Thalassiosira pseudonana 1261 associated, meaning that all available serine acetyltransferase is bound to OAS-(thiol)lyase but there is an excess of free and active OASTL dimers. The bound SAT-hexamer is active and produces O-acetylserine, while OASTL enzyme does not produce cysteine because SAT blocks the substrate binding site. In the genome of T. pseudonana, three genes encoding serine acetyltransferase (SAT) and four OAS (thiol)lyase sequences (OASTL) were identified. The SAT 2 isoform is located in cluster C (Fig. 5) together with many serine acetyltransferase gene models of marine heterokont A. anophagefferens and prasinophytes from genus Ostreococcus. The SAT 1 sequence is found in one cluster (Fig. 5 , cluster A) together with green algae and plant-derived sequences. The third SAT of T. pseudonana forms a cluster together with proteins from P. tricornutum and C. merolae (Fig. 5, cluster B) . The phylogenetic relationship may suggest that this isoform is of red algae origin.
Two genes encoding OASTL (OASTL 2 and OASTL 3; Thaps3:1247 and Thaps3:267987, respectively) seem to be paralogous, as they show high similarity (Fig. 6 , cluster C) and are found to be in reversed orientation separated by only 94 nucleotides. This is probably a result of relatively recent gene duplication. The cluster C (Fig. 6) contains sequences from other marine species E. huxleyi, O. tauri, O. lucimarinus and A. anophagefferens. Therefore, OASTL 2 and OASTL 3 together with other algal sequences might represent an algae-specific class of enzymes catalysing cysteine synthesis. The OASTL 1 isoform (Thaps3:31829) can be found clustering together with similar sequences from E. huxleyi and A. anophagefferens (Fig. 1, cluster A) . Noteworthy, T. pseudonana OASTL isoforms 1, 2 and 3 show little similarity to OASTL sequences from P. tricornutum.
The fourth OASTL found in the genome of T. pseudonana shows low similarity to the other three sequences of OAS (thiol)lyases (Fig. 6, cluster B) but OASTL 4 contains, as the other enzymes, the characteristic conserved cysK domain. Both OASTL 4 and its homolog from P. tricornutum are members of a distinct branch, which neighbors a clade with sequences from choanoflagellate M. brevicollis, heterokonts of Phytophthora genus and fungi. The cluster B contains as well protein sequences from plants, mosses, green algae and the coccolithophorid E. huxleyi. The function of those proteins is unknown, although all of them contain the conserved cysK domain and PLP-binding site. OASTL 4 shows very little similarity to fungal O-acetylhomoserine(thiol)lyases or to cystathionine gamma-synthase-like proteins (not shown).
The localization of SAT and OASTL proteins cannot be precisely predicted (Table 1) . From Arabidopsis thaliana it is known that both enzymes are encoded by five SAT and nine OASTL-like gene isoforms. These genes encode proteins localized to different compartments such as the cytosol, plastids and mitochondria. In Arabidopsis, the main SAT activity is localized to mitochondria, whereas OASTL activity is mainly localised to the cytosol. The main pool of OAS is located in the mitochondria and cytosol, whereas sulfide is present in high amounts in plastids and in the cytosol, to which it presumably diffuses or is transported from the chloroplasts (Haas et al. 2008; Heeg et al. 2008; Watanabe et al. 2008; Krueger et al. 2009 ). Therefore, we speculate that cysteine synthesis in T. pseudonana might be performed in three compartments.
Conclusion
The predictions of genes encoding enzymes of the sulfate uptake, assimilation and methionine synthesis were used to set up a model proposing the diatomal assimilatory pathways of sulfate reduction. In the model, sulfate is Fig. 7 The model of sulfate assimilation and methionine synthesis in Thalassiosira pseudonana. Dashed lines are used to mark alternative pathways. The numbers correspond to diatomal enzymes: (1) sulfate transporter/ permease; (2) ATP sulfurylase; (3) APS reductase; (4) sulfite reductase; (5) OAS (thiol)lyase; (6) cystathionine c-synthase and/or -lyase; (7) cystathionine b-lyase and/or -synthase; (8) O-acetylhomoserine (thiol)lyase; (9) methionine synthase; (10) SAM synthetase transported into the diatomal cell via permease-like transporters (Fig. 7) which is subsequently transported into plastids. Sulfate is activated by adenylation performed by ATP sulfurylase (2AB). Whether the tripartite SKP enzyme catalyses phosphorylation of APS in plastids is not clear. APS is reduced by APS reductase, which contains thioredoxin domain at the C-terminus (3AB). Sulfite is then reduced by sulfite reductase (SiR) yielding sulfide (4AB). Cysteine (Cys) is synthesized by the co-operation of OASTL (5AB) and SAT, which delivers the other substrate, O-acetylserine. Sulfide can pass the membranes of plastids and therefore, to protect mitochondria from H 2 S toxicity, cysteine is also synthesized in other compartments (e.g. Krueger et al. 2009) . From this point onwards our models depict alternative pathways. In plastids, the sulfide moiety of cysteine reacts with a carbon backbone such as O-acetylhomoserine (OAH) or O-phosphohomoserine (OPH) as used in other organisms to finally form methionine. To prove the model, further biochemical studies have to be performed. Besides understanding the regulatory node of this pathway, the cross talk between different compartments with respect to exchange of metabolites such as pathway intermediates and synthesis of other S-containing compounds needs to be analyzed. Finally, although evidence is provided that in algae comparable sulfur metabolism occurs, the knowledge about the physiology is still unclear and need to be explored further.
